A nested PCR primed by four degenerate oligonucleotides was developed for the specific amplification of sequences from the napA gene encoding the periplasmic nitrate reductase. This approach was used to amplify fragments of the napA gene from 10 Pseudomonas species and one Moraxella sp., previously shown to be able to express the periplasmic nitrate reductase activity, from Rhodobacter capsulatus and from community DNA extracted from a fresh-water sediment. Amino acid sequences encoded by the napA fragments were compared to one another and to the corresponding regions of related enzymes. This comparison indicates that the amplification protocol is specific for its intended target. The napA sequences amplified from community DNA were tightly clustered, which may indicate a degree of homogeneity in the sediment community. All tested Gram-negative strains capable of aerobic nitrate respiration were found to have periplasmic nitrate reductase genes. However, some strains which have and express the genes are incapable of aerobic nitrate respiration. The PCR primers and amplification protocols described will be useful in future studies of nitrate respiring populations. ß
Introduction
The ability of facultative anaerobes to respire nitrate has been ascribed to the activity of a membrane-bound nitrate reductase (Nar) which is expressed when the oxygen tension is low. The enzyme uses reducing equivalents from the quinol pool to reduce nitrate to nitrite with the concomitant generation of a proton motive force [1] . In recent years, considerable evidence has accumulated to support the idea of an additional respiratory pathway in which many bacteria are able to respire nitrate in the presence of oxygen [2] . There are reports of nitrate respiration occurring under oxic conditions in a variety of strains [2^7] . In all cases so far reported, the biochemical apparatus for aerobic nitrate respiration is provided by a soluble periplasmic nitrate reduc-tase, Nap [1] . The physiological role of aerobic nitrate respiration may be to provide a means to dispose of excess reducing equivalents during growth on reduced carbon substrates or under micro-oxic conditions [1] . Oxidation of quinol by Nap is not associated with the generation of a proton motive force, thus allowing nitrate to function as an auxiliary oxidant [1] . Bacteria which co-respire nitrate and oxygen are widespread in the environment [8] and this respiratory pathway may therefore make a signi¢-cant, but little-studied, contribution to the nitrogen cycle. In Paracoccus pantotrophus (formerly known as Thiosphaera pantotropha and as Paracoccus denitri¢cans GB17), Nap is a heterodimer of NapA and NapB subunits [1] . The NapA subunit contains the MGD cofactor and a (4Fe-4S) centre and is the site of nitrate reduction. NapB is a di-haem cytochrome c 552 . Biochemically similar periplasmic nitrate reductases have been described in Rhodobacter capsulatus and Ralstonia eutropha (formerly Alcaligenes eutrophus). Genes encoding NapA and NapB have been characterised in the K-proteobacterium P. pantotrophus, the L-proteobacterium R. eutropha and the Q-proteobacterium Escherichia coli [1] . The sequences of periplasmic nitrate reductase genes from Haemophilus in£uenzae, Rhodobacter sphaeroides, R. sphaeroides f. sp. denitri¢cans, Pseudomonas sp. strain G179, Desulfovibrio desulfuricans, Shewanella putrefaciens and Vibrio cholerae are also available ( [9, 10] , accession numbers AF069545, AF083948, Y18045, [11] ). In the case of E. coli, the pattern of expression of Nap suggests that the enzyme has a role during anoxic or micro-oxic growth, rather than under fully oxic conditions [12] . In the case of Pseudomonas sp. strain G179, Nap catalyses the ¢rst step of denitri¢-cation under anoxic conditions [13] , further con¢rm-ing the importance and physiological versatility of this enzyme.
Traditional microbiological methods suggest that Pseudomonas are the predominant denitri¢ers in soil [14] . Culture-based methods, however, are likely to be biased in favour of fast-growing copiotrophic organisms. The development of molecular techniques for the in situ analysis of nitrate respiring populations would help to overcome this bias. This paper reports the design of degenerate primers and a nested PCR protocol for the ampli¢cation of a fragment of the napA gene that encodes NapA. The primer set gives ampli¢cation products from a taxonomically diverse range of isolates previously characterised and known to be capable of either anoxic or oxic nitrate respiration [8] . Sequence analysis and Southern blotting of PCR products con¢rmed that the system is speci¢c for the periplasmic nitrate reductase. The primers have also been used successfully to amplify Nap encoding sequences directly from community DNA extracted from a fresh-water sediment.
Materials and methods

Bacterial strains and extraction of genomic DNA
The isolation and characterisation of strains used in this study have been described previously ( Table  1 ) [8] . P. pantotrophus (a strain capable of anaerobic and aerobic nitrate reduction) and R. capsulatus AD2 (a strain known to express periplasmic nitrate reductase, [1] ) were also used. All cultures for genomic DNA isolations were grown at 30³C in 5 ml L-broth (tryptone 10 g l 31 , yeast extract 5 g l 31 , NaCl 5 g l 31 ), except for R. capsulatus, which was grown chemoheterotrophically in minimal medium. Genomic DNAs were isolated using either Wizard columns or the Wizard Genomic DNA puri¢cation kit (Promega) according to the manufacturer's instructions.
Community DNA extraction
Fresh-water surface sediment (0^10 cm) was collected in a sterile beaker from an arti¢cial lake on the University of East Anglia campus (Ordnance Survey grid reference TG193072). Samples were kept at 4³C and were used on the day of collection. Total DNA was extracted from undisturbed sediment (approximately 5 cm from the surface) using the method of Bruce et al. [15] .
PCR methods
Amino acid sequences derived from the napA genes of P. pantotrophus, R. eutropha and E. coli were aligned and regions of sequence conservation were used for the design of PCR primers by backtranslation ( Fig. 1 and Table 2 ). Genomic DNA was used as the template for the ¢rst round of ampli¢ca-tion primed by 2.5 Wl V16 and V17 (20 pmol Wl 31 ) in a 100-Wl volume containing 0.75 Wl Taq Expand (Boehringer Mannheim), 10 Wl 10U bu¡er (Boehringer Mannheim), 3 mM MgCl 2 and 2 Wl of 10 mM dNTP mix (Bioline). The ampli¢cation product was used as the template for the second round, which was primed by 2.5 Wl V66 and V67 (20 pmol Wl 31 ) in a 100-Wl reaction volume. The reaction mixture was the same as in the ¢rst round but the MgCl 2 concentration was reduced to 1.5 mM. Thermocycling conditions were identical for both ¢rst and second round ampli¢cations: 2 min at 94³C; 30 cycles of 1 min at 94³C, 1 min at 50³C, 2 min at 72³C; 10 min at 72³C. Ampli¢cation products were viewed on 1.5% (w/v) agarose gels stained with ethidium bromide (0.5 Wg ml 31 ).
Cloning of PCR products
Second round ampli¢cation products were excised from agarose gels and puri¢ed using the Qiaex II kit (Qiagen) according to the manufacturer's instructions. Puri¢ed PCR products were resuspended in a ¢nal volume of 100 Wl sterile deionised distilled water (ddH 2 O) containing DNA polymerase I bu¡er (Boehringer Mannheim), 10 mM ATP, 0.25 mM dNTPs, 1 U T4 DNA polymerase (Boehringer Mannheim) and 10 U T4 polynucleotide kinase (Gibco). The reaction mixture was incubated at 37³C for 1 h. After ethanol precipitation, the DNA was resuspended in 7 Wl of H 2 O and ligated overnight at room temperature into 0.5 Wl (100 Wg Wl 31 ) SmaI-digested and dephosphorylated pUC18 (Pharmacia) using 1 Wl of T4 DNA ligase (25 U Wl 31 , Gibco) in reaction bu¡er supplied by the manufacturer. Half of the ligation mix was transformed into competent E. coli JM83 (ara v(lac-proAB) rpsL x80lacZ vM15). Products ampli¢ed directly from sediment DNA were cloned en masse in the same way. Cloned nap fragments ampli¢ed directly from community DNA were giv- The isolation and characterisation of strains is described by Carter et al. [8] . ND : not done.
en the pre¢x`uea' and accession numbers X98386X 98392.
Sequence analysis
After aerobic growth in 5 ml L-broth containing ampicillin (200 Wg ml 31 ), plasmid DNAs were puri¢ed using Qiagen midi-plasmid kits according to the manufacturer's instructions. Sequencing reactions were primed with £uorescently labelled universal and reverse primers using the Autoread Sequencing kit and were separated on an Automated Laser Fluorescence sequencer (Pharmacia). For some clones, DNAs were puri¢ed by a modi¢ed alkaline lysis/ PEG precipitation procedure (Applied Biosystems), sequencing reactions were performed with the ABI Taq Dye Deoxy Terminator Cycle Sequencing kit and were separated on an ABI sequencer. DNA and protein sequences were aligned with the program Pileup from the Wisconsin Sequence Analysis Package and dendrograms were constructed using programs from the Phylogeny Inference Package. DNA sequences have been deposited in the EMBL database and those from cultured bacteria have been assigned the accession numbers indicated in Table 1 .
Hybridisation analysis
To con¢rm the presence of napA genes, EcoR1-digested genomic DNAs from strains capable of aerobic nitrate reduction were resolved on agarose gels, transferred on to a nitrocellulose membrane (Boehringer Mannheim) and hybridised with two [ 32 P]dCTP-labelled periplasmic nitrate reductase probes. Probe 1 was a 707-bp EcoRI fragment from the napA gene of P. pantotrophus (coordinates 2552^3261, accession number Z36773). Probe 2 was the cloned ampli¢cation product of a nested PCR with genomic DNA from Pseudomonas sp. strain S2.14 as the template.
Results
PCR and hybridisation analysis
23 Strains capable of respiring nitrate in the presence of oxygen had previously been isolated and characterised [8] . Fragments of the napA gene were successfully ampli¢ed from eight Pseudomonas strains capable of aerobic nitrate respiration and from three strains incapable of aerobic nitrate respiration ( Table 1 ). The Gram-positive Arthrobacter sp. strain S2.26, also capable of aerobic nitrate respira- Fig. 1 . Organisation of the nap locus in P. pantotrophus and the strategy for hybridisation and ampli¢cation of nap sequences. Probes 1 and 2 were used for the detection of nap sequences by hybridisation. Probe 1 is a 707-bp EcoRI restriction fragment derived from the P. pantotrophus napA gene and probe 2 is the product of a PCR ampli¢cation of genomic DNA from Pseudomonas sp. strain S2.14. The arrows indicate the approximate locations of the four oligonucleotides (designated V16, V17, V66 and V67) used to prime nested PCR reactions for the ampli¢cation of napA.
C Fig. 2 . Alignment of NapA sequences. Ampli¢cation products from cultured isolates (Pseudomonas species strains S2.16, S1.51, S2.14, S2.5, S3.6, S3.1, S3.29, S3.12 and BB61, Moraxella sp. strain S2.18 and R. capsulatus AD2) and from community DNA (clones UeaB1, UeaB2, UeaB3, UeaB4, UeaB7, UeaB9 and UeaB10) were translated and aligned with NapA sequences from P. pantotrophus (Ppa), R. eutropha (Reu), E. coli (Eco), H. in£uenzae (Hin), R. sphaeroides (Rsp), R. sphaeroides f. sp. denitri¢cans (Rsp den), S. putrefaciens (Spu), V. cholerae (Vch), Pseudomonas sp. strain G179 and D. desulfuricans (Dde). The sequence shown corresponds to residues 96^192 of the NapA of P. pantotrophus [1] . The conserved cysteine residue which is believed to provide a ligand to the molybdenum atom of the MGD cofactor is indicated by an asterisk, as are other conserved residues discussed in the text, and residues conserved in all of the sequences are indicated at the foot of the alignment. Domains II and III as discussed in the text are indicated. tion, was negative in the PCR assay (Table 1) . Genomic DNAs from P. pantotrophus and from 11 Pseudomonas isolates hybridised to both of the nap probes. Genomic DNAs from six of the remaining Pseudomonas strains and from Moraxella sp. strain S2.18 hybridised to one of the two probes (Table 1) . Community DNA extracted from a fresh-water sediment was also used as the template in PCRs for the ampli¢cation of napA fragments. Ampli¢cation was successful and the identities of the ampli¢cation products were con¢rmed by subsequent sequence analysis (see below).
Comparison of napA sequences ampli¢ed from cultured organisms and community DNA
Ampli¢cation products were cloned and 296 nucleotides were sequenced on both strands. The translated sequences were aligned with the equivalent sequences from the napA gene products of E. coli, R. eutropha, R. sphaeroides, D. desulfuricans and Pseudomonas sp. strain G179 and NapA homologues from the genomes of H. in£uenzae Rd, S. putrefaciens and V. cholerae (Fig. 2) . A dendrogram (Fig. 3) derived from the amino acid sequence alignment indicates that of the cultured isolates, NapA sequences from eight of the Pseudomonas species isolated from soil (strains S3.12, S3.29, S3.1, S2.14, S2.5, S1.51, S2.16 and S3.6) are closely related to one another. With the exception of S3.6, all of these strains are also grouped on the basis of 16S rDNA sequences [8] , though there are insu¤cient data at this stage to allow for a proper assessment of the degree of congruence of the two dendrograms. The napA sequences from the fresh-water Pseudomonad (strain BB61) and Moraxella sp. strain S2.18 isolated from soil are more divergent, which is also consistent with the 16S rDNA data [8] . Sequences ampli¢ed directly from the environment are tightly clustered.
The NapA amino acid sequence alignment indicated that the cysteine residue which is known to provide a ligand to the molybdenum atom of the MGD cofactor of the D. desulfuricans NapA [1, 16] is conserved in all of the NapA sequences, from both cultured isolates and those ampli¢ed from total DNA (Fig. 2) . Of the 104 amino acids in the NapA alignment, 18 (17%) are conserved in all 28 sequences. The recently solved structure of NapA from D. desulfuricans reveals that it folds into four domains [16] . The fragment of napA that was ampli¢ed encodes predominantly one segment of domain II and the ¢rst 16 residues of domain III (Fig. 2) . Domain II has a similar fold in all MGDdependent enzymes and contains highly conserved arginine, proline and tryptophan residues. The pro- Fig. 3 . Dendrogram of NapA sequences. Sequences were ampli¢ed from Pseudomonas sp. strains S1.51, S2.14, S2.16, S2.5, S3.6, S3.1, S3.28, S3.12 and BB61, Moraxella sp. strain S2.18, R. capsulatus AD2 and directly from community DNA (clones Ueab1, Ueab2, Ueab3, Ueab4, Ueab7, Ueab9 and Ueab10) and were compared with the equivalent regions of NapA from P. pantotrophus, R. sphaeroides, R. eutrophus, E. coli, H. in£uenzae, R. sphaeroides f. sp. denitri¢cans, S. putrefaciens, V. cholerae and D. desulfuricans. The tree was constructed from an alignment of 98 amino acids using programs in the Phylogeny Inference Package. line is substituted by alanine in NapA from Pseudomonas sp. strain S2.5, the arginine and tryptophan residues are conserved in all 28 sequences. Domain III includes the so-called segment III region [1] , which shows sequence similarity between MGD-dependent enzymes with similar substrates. This region of the protein contains the conserved cysteine ligand and provides a number of amino acids involved in de¢ning the substrate cleft and binding pocket [16] . In this region, there is extensive sequence similarity between the formate dehydrogenases and soluble (periplasmic and assimilatory) nitrate reductases. However, there is little similarity between the membrane-associated and soluble nitrate reductases. Nevertheless, alignments (not shown) of ampli¢ed sequences with those of formate dehydrogenases and with assimilatory and membrane-associated nitrate reductases showed beyond any doubt that the ampli¢cation protocol is speci¢c for genes encoding the periplasmic nitrate reductase.
Discussion
A PCR protocol has been developed which allows for the ampli¢cation of napA sequences from members of at least four genera (Pseudomonas, Paracoccus, Rhodobacter and Moraxella), although whether ampli¢cation from members of other genera is possible remains to be established. It is apparent that many bacteria capable of aerobic nitrate respiration contain napA genes, which is consistent with the physiological evidence for the presence of periplasmic nitrate reductases in these organisms [8] . However, it is also clear that some strains which have periplasmic nitrate reductase genes and express the activity are incapable of aerobic nitrate respiration (for example, Pseudomonas sp. strain S3.29). Furthermore, in E. coli, nap gene expression is induced anaerobically [12] , which is not consistent with a role in aerobic metabolism (though, a role for Nap under micro-oxic conditions in this organism remains a possibility). In Pseudomonas sp. strain G179, Nap clearly has a role in anaerobic nitrate respiration [13] . Nevertheless, nitrate reduction in the presence of oxygen catalysed by periplasmic nitrate reductases is widespread and may make a signi¢cant contribution to the reduction of nitrate in oxic and microoxic environments. The development of a PCR protocol for the detection of napA genes o¡ers a new approach to the study of the distribution of this enzyme.
